The progress of the applications of water spray systems in fire suppression has been substantial over the last decade. However, the extinguishing mechanisms and the role of spray characteristics in fire suppression has not been well understood and identified. Sometimes, water spray does not behave like a perfect gaseous agent in fire suppression and the capability of a water spray system in fire suppression is dependent on the distribution of droplet size, water flux density, and spray dynamics. The study has been undertaken to examine quantitatively the effectiveness of water spray fire suppression systems using water droplet size ranged from about 150 µm to 800 µm. An experiment was conducted in this investigation to study quantitatively the effect of water spray on fire suppression and extinction. In order to produce different water droplet sizes under same water supply rates, different characteristics of water spray nozzles were designed and fabricated for experimental program. Four different water droplet sizes and two different water supply rates were applied on both liquid and solid fires. Also, ventilation effect of water spray on fire suppression and extinction was proposed.
Introduction
The "fire disaster" often happened in today and caused many victims and property loss for our society. The essential feature of an 'unwanted fire' is that the fuel supply is controlled by the position feedback of heat from the products of its own combustion (1) . The supply of gaseous volatiles is produced via this feedback of thermal energy, which is dominated by thermal radiation from turbulent diffusion flames when the characteristic fire dimension is greater than 0.3 m (2) . Increasing the rate of evolution of combustion products increases the radiative heat feedback, which in turn increases the rate of evolution of volatiles and thereby intensifies the combustion process.
The possible mechanisms of flame spread and fire growth depend on the class of fire; solid fuels may be burned in any orientation, however with liquid fuels the flame is always located above the horizontal free surface and flame propagation is usually horizontal. Williams (3) considered the concept of 'fire spread' to be meaningful only in situations where some form of thermal 'communication' exists between the burning region and the nonburning fuel (e.g. conduction, convection, radiation, or the ejection of flaming embers). Regarding the spread of fire amongst discrete fuel elements, it was noted that thermal conduction is generally not relevant to item-to-item fire propagation. In this case the principal mechanisms are radiation, the convection of hot gases and the expulsion of burning fragments (4) . In the case of class 'A' fires, the most important suppression mechanisms are (1) cooling the fuel surface, (2) cooling the flame zone directly, and (3) volumetric displacement of the oxidant (oxygen). The principal action of liquid fire suppressants, such as water, is the removal of heat from the fire through their heat capacity and latent heat of vaporization, although water may sometimes contribute to fuel dilution (in the case of water-miscible liquid fuels) or fuel 'blanketing' (forming a barrier on the fuel surface). In addition, the dominant mechanism of fine water droplets between flame and fuel surface was identified as attenuation of radiant heat fluxes. The ability of water sprays to absorb thermal radiation has also been exploited as an 'indirect' fire-fighting measure, in order to shield personnel or property. It has long been recognized that water has the ability to absorb radiant heat (5) ; this property is used routinely to protect combustible materials from ignition and also to reduce the effects of heat stress on fire fighters. Recently, a number of papers have been published which consider the interaction of thermal radiation with water sprays (6) - (8) . Coppalle et al. (9) studied the attenuation of thermal radiation by water curtains using a numerical model. Attenuation was assumed to be due to a combination of absorption and, to a greater degree, scattering.
The potent cooling effect of water is due to its high latent heat of vaporization. By the evaporation of water, the volume of the latter will be increased by 1 640 times, which leads to a rarefaction of the air oxygen at the source of the fire. With the formation of fine droplets, it may extract heat and cool the fire plume and provide a positive environment for occupants' evacuation. In this process, the inerting-extinguishing medium is not transported to the fire source from outside, but is only produced on the spot in its direct vicinity. Moreover, given that evaporation can occur only at the liquid surface, it seems desirable, in theory at least, to seek to maximize the surface area per unit volume of fire-fighting water. Many researches confirmed the importance of the above mechanisms and their relative importance as a function of circumstance but showed also some other less predictable process involved such as dilution or chemical effects on flame (10) - (12) . In Taiwan, sprinkler spray systems are required in almost all types of nonresidential buildings by regulations but in some cases the sprinkler spray systems might not work effectively. For example, there are reservations on using sprinkler systems for controlling liquid fires or machinery space fire. In addition, water damage due to discharging excessive water is another concern in providing sprinkler systems for high value property. Water mist spray fire suppression systems are effective in suppressing a fire with low water cost and environmental friendly. The system has been taken as one of the halon substitutes. Key aspects such as spray characteristics, suppression mechanisms, application areas and fire test protocols have been studied actively (13) - (15) . Kim et al. (16) studied the effect of water sprays on fire intensity with a gasoline fire using downward-directed sprays in an open environment. They indicated that water sprays and entrained air from the sprays radially enlarge the flame and water sprays can enhance the burning rate of fuel. In addition, very small water droplets were shown to be ineffective for fire extinction because they do not sufficiently cool the fuel surfaces. Accordingly, flame cooling by water mist spray is attributed primarily to the conversion of water to steam. Small water droplets offer high latent heat of vaporization and absorb a significant quantity of heat from fuels. However, quantitative studies of the effect of the water spray on fire suppression and extinction were limited. Therefore, an appropriate range of water droplet size applied to extinguish liquid pool fire and solid fires is investigated experimentally in this study. The spray-generating nozzles, which may produce water droplet sizes ranged approximately from 150 µm to 800 µm under some certain of water supply rates, are used for the tests.
Spray Nozzle Specimens
In order to evaluate the effect of water mist spray on fire suppression quantitatively, water nozzles, which may spray different water droplet sizes under same water supply rates, were needed for experimental program. Due to the specific requirements of test nozzles, it is difficulty to obtain those nozzles from market. A new developed water spray nozzle consisted by main chamber, swirl chamber and jet nozzle was fabricated for experimental purposes, as shown in Fig. 1 (a) to (d). The main chamber is used to install the swirl chamber and the jet nozzle produced vortex when the water streamline goes through the swirl chamber. We defined the Ar as the ratio of cross-section area between swirl chamber and jet nozzle. When the Ar value is less than 1, the orifice effect will obstacle the flow stream. The larger Ar value results in a lower tangential velocity and larger water droplet size. Detailed test results of water droplet size distribution for different design Ar values were listed in Table 1 . Therefore, an appropriate Ar value is the major design parameter for achieving the required function of water mist nozzles. The screwed inner-wall of main chamber was used to install both the swirl chamber and the jet nozzle as well as stick all parts together tightly. A filter was used at the water entrance to avoid dust to block the small jet hole and water pathway. The water droplet size, jet angle and water flux can be influenced by the Ar parameter. When Ar values varied from 0.78 to 6.98, the water droplet size changed from about 150 µm to 800 µm and the discharge pressure was 980 kPa for a 2 mm diameter jet nozzle. Normally, the greater Ar value may result in the smaller jet angles and larger water fluxes. The Ar value is a very important parameter for design an functional water mist nozzle. All the test nozzles are made by machine tool no surface treatments are imposed. Fine surface treatment may decrease the friction loss and vortex dynamic loss, therefore, the water supply pressure may remain certain of high level and caused smaller water droplet size and wider spray angle.
For a given nozzle the radiation attenuation increased with increasing operating pressure and increasing water flow-rate (17) . It was also shown that attenuation increased with decreasing volume mean diameter (D v50 ). The most effective attenuation was 35%, achieved with a nozzle discharging 7.5 Lpm and with D v50 = 160 µm. It was concluded that optimal performance in terms of radiation attenuation would be obtained from nozzles with high flowrate, small droplet size and low velocity. When the water stream flows through the swirl chamber, the pressured water may produce high swirl momentum. The vortex chamber can be arranged as two, three or four along the tangent surface. The different heights and widths of the hole can produce different swirl dynamics by different opening ar- When a high velocity jet of water leaves the orifice, the thin jet of water becomes unstable and disintegrates into fine droplets. The discharge mechanism is designed for minimizing the loss of the swirl momentum produced by swirl chamber. The complete water mist-generating nozzle is illustrated in Fig. 1 (d) . The water supplies pressure, flux and nozzle diameter are major design parameters for optimal spray characteristics of the water mist nozzles. In general, water discharged rate (Q) proportions to square root of supply pressure. These new design water spray nozzles were able to produce different diameters of water droplets for required water supply rates. The larger droplets have greater degree of water penetration through fire plume to the burning fuel surface. The smaller droplets may provide better heat absorption capacity due to the larger reaction water droplet surface. Therefore, nozzles were made for tests with four different water droplet sizes.
Experimental Program
In order to evaluate the effects of the characteristics of water mist nozzle on fire suppression and extinction, an entire experimental program will conduct to test the water spray nozzles under different design conditions.
1 Test room
The test room was a rectangular room with dimensions of 9.7 m × 3.5 m × 3.5 m high and divided into two parts. The left hand part was as a test area equipped with 1.5 in and 1.0 in pipe for supplying water. Also a particle diameter analyzer (PDA) was used to measure the water droplet size in the test area. A pump and water tank were installed outside test room. The test area had a 1.8 m × 2.5 m door and a 2.0 m × 1.0 m viewing window. The Table 2 Operational conditions and droplet size of test nozzles control panel and data acquisition equipment were located at right hand part of the test room. The complete layout and locations of instruments of the test room are shown in Fig. 2 . Detailed test conditions and water droplet size of mist spray are listed in Table 2 .
2 Test fire
One solid (PU mattress) and two liquid (methanol and heptane) fire sources were applied in the fire test. The PU mattress has 26 MJ/kg combustion heat and the maximum heat release rate was approximate 300 kW. One big fire pan with 1.8 liter heptane (500 kW) and two small fire pans with 300 mL heptane (30 kW/each) were used for heptane fire tests. The total heat release rate for Methanol fire was 500 kW. Two openings with 12.5 cm × 12.5 cm dimension were used for smoke exhaustion. One opening located at east wall 70 cm above floor and another located at south wall 200 cm above floor. Complete fire source locations including liquid and solid fires were depicted in Fig. 2 .
3 Particle diameter analyzer
A simply laser diffraction system was used to mea- Fig. 3 The locations of thermocouple trees sure the water droplet diameters. The entire assembly includes a 5 mw power 0.63 µm wavelength He-Ne laser, a spatial filter, Fourier transfer lens, a multi element detector and a obscuration detector. Due to stability, the He-Ne gas laser worked as a source of coherent intense light of fixed wavelength. It is to be expected when smaller laser diodes can reach 600 nm and below and become more reliable that these will begin to replace the bulkier gas lasers. The life cycle is approximately 1 000 hours. Usually, detector is a slice of photosensitive silicon with a number of discrete detectors. It has an optimum number of detectors; however, increased numbers do not mean increased resolution. For the photon correlation spectroscopy technique used in the range from 1 nm to 1 µm approximately, the intensity of light scattered is so low that a photomultiplier tube, together with a signal correlation is needed to make sense of the recorded data.
The PDA system used the Mie theory which assumes the volume of the particle as opposed to Fraunhofer which is a projected area prediction. The penalty for this complete accuracy is that the refractive indices for the material and medium need to be known and the absorption part of the refractive index known or guessed.
4 Water supplied pump
In order to offer different water supply pressures, a four-stage turbine pump was used to provide multiply pressure stages at water flow rate over 200 Lpm. The total dynamic head may adjust with the flow ranged from 50 meter to 200 meter and the water flow remained above 200 Lpm. When the motor frequency varied from 36 Hz to 60 Hz, the motor speed increased from 2 130 rpm to 3 550 rpm and the dynamic head from 70 meter to 200 meter that caused the water flow decreased from 200 Lpm to 30 Lpm. Two different water supply rates, 53 and 22 Lpm were designed for testing.
Results and Discussion
The 0.3 mm diameter K-type thermocouples were used to measure temperature at some specified measured locations T 1 , T 2 , T 3 , and T 4 . Three measured points at 1.5 m, 2.6 m, and 3.0 m above the floor were adopted for each thermocouple tree to record the vertical temperature data. Detailed locations for all thermocouples tress are shown in Fig. 3 . Total of 12 temperature points can response simultaneously. All the K-type thermocouples used in the test are wrapped with insulation materials to avoid the damage caused by high temperature. In order to minimize the cooling of the thermocouple by the water spray, allowing the temperature of smoke to be measured, a thin metal shield was installed above thermocouples on each thermocouple tree. The metal shields with reverse horseshoe shape may minimize water directly from spray reaching the thermocouples.
Due to the similar temperature distribution trend on different fire sources, the temperature distributions for methanol tests are shown only in Fig. 4 . The maximum heat release rate is 500 kW. It is noted that the smoke temperature decreased very quickly after the water spray activation. The H1 nozzle provided the fast smoke temperature reduction effect at 53 Lpm. The results show that the temperature descendent rate of larger droplets spray is much slower than smaller one. It is because smaller droplets allow more of the heat generated to be abstracted from the reaction with larger surface area. When the water droplet size less than 500 µm (H1 and H2 nozzles), the 22 Lpm flow rate cases even present a faster smoke temperature decreasing curves than water droplet size greater than 500 µm (H3 and H4 nozzles) with 53 Lpm water flow rate. The H1 nozzle reduce 150
• C of smoke temperature within 30 seconds whereas 40
• C for H4 nozzle using same water supply rate, 53 Lpm. The experimental results con- Fig. 4 The temperature distribution of methanol fire tests Table 3 The fire suppression results for PU mattress using different water mist nozzles (nozzle located at 1 m below ceiling) firm again that fine water droplets provide a better temperature reduction effect even applied lower water supply rate. The PU polyform was located in the north wall with 26 MJ/kg combustion heat and the maximum heat release rate was approximate 300 kW. The water spray nozzle was installed 1 m below ceiling. The water spray nozzle started to spray after 130 seconds ignition. The complete test results are illustrated in Table 3 . The opening area remained 1.7 m 2 for all the tests. Two different water supply rates, 53 and 22 Lpm, were used in the tests. The fires were extinguished within 10 seconds for 53 Lpm test cases and within 20 seconds for 22 Lpm test cases. For same water droplet size condition, the lower water supply rate test cases need more time to extinguish the solid fire. The average water flux on fuel surface was also measured during the experiments. The higher water flux on fuel surface may produce a better fire extinguishing effect when same Table 4 The fire suppression results for heptane using different water mist nozzles (nozzle located at 1 m below ceiling) ventilation condition (same opening area), as shown in Table 3 . One big fire pan with 1.8 liter heptane (500 kW) and two small fire pans with 300 mL heptane (30 kW/each) were used for heptane fire tests. The big square-pan heptane fire was placed to the north wall as the PU mattress and two small square-pan heptane fires were located in the two corners. Due to the air mass balance and control the required supply air volume, two opening areas were tested for evaluating the nature convection effects. Complete experimental results for heptane fires were listed in Table 4 . When the water droplet size was greater than 500 µm and the opening area was 2.5 m 2 , the water spray nozzles were not available to extinguish fire no matter large fire or small fire cases. The larger opening area may result stronger turbulent intensity around fire source that will affect the fire suppression capability of fine water droplets. At the H1 cases (the smallest water droplet size cases), the big fire pan was extinguished by both 22 Lpm and 53 Lpm water supply rates within similar time intervals. However, for a larger water droplet size nozzle, the 22 Lpm water supply rate required more time than 53 Lpm to extinguish the same fire. The two small square-pan fires located in the two corners at floor level were difficult to extinguish because the corner effects restricted water vapor entering into the fire plume from its surroundings for 22 Lpm water supply rate. Increasing the water supply rate to 53 Lpm, two small fires may be extinguished within 7 seconds. When the water droplet size less than 500 µm, the big fire may be extinguished within 20 seconds no matter the nature ventilation opening area was 1.7 m 2 or 2.5 m 2 .
The lower water rate supplied, the longer fire extinguished time required. In Table 4 , an interesting phenomenon was observed for both 22 and 53 Lpm H1 nozzle cases. The larger opening area may cause higher ventilation rates and reduce the average water flux on fuel surface. Therefore, increasing the time required for extinguishing fire even not available to extinguish the fire in some cases. For the heptane fire tests, some fires were not extinguished by water spray because of the inappropriate water droplet size or fire locations. Under same test conditions, all tests of PU mattress were extinguished. Following the test results, the droplet size of water spray plays a more dominant role in extinguishing liquid fire than in solid fire. However, appropriate supply water flow rate for water mist spray shall be careful designed for different fire scenarios.
Another liquid fuel methanol was also tested under same conditions. The total heat release rate for methanol fire was 500 kW. The same fire source locations were chosen as heptane fire tests. The test results indicated that no fires were extinguished of methanol fire cases with current operation conditions. Because the methanol is water solvable and low heat release rate liquid, it is not easy to extinguish the fire through rarefaction of the air oxygen at the source of the fire. Therefore, the influence of distance between fire source and nozzle was considered in the test. The water nozzle installation was extended to 2 m below ceiling and same fire source was used to examine the fire suppression effect again. The results are shown in Table 5 . For the opening close (no ventilation) and 1.7 m 2 opening area cases (natural ventilation), both fires were extinguished immediately after water spray activation. Increasing the air supply opening area to 3.4 m 2 , the water spray may be extinguished the fire within 16 seconds for H1 head and 20 seconds for H2 nozzle. In the 3.4 opening area cases, the average water flux on fuel surface still higher than 0.1 L/m 3 -min because the distance between Table 5 The fire suppression results for methanol fuel using different water spray nozzles (nozzle located at 2 m below ceiling and water flow rate is 22 L/m) fire source and nozzle was extended 1 meter below ceiling. In the numbers of 3 to 6 in Table 5 , the fire was extinguished so quickly (less than 1 second) that the average water flux on fuel surface was not available in those cases. It is noted that the distance between fire source and spray nozzle is an important design parameter for assuring the fire suppression by water spray systems. Shortened the distance between nozzle and fire source, the ventilation effect on fire extinction may minimize to some certain of degrees. However, careful design parameters need full-scale tests to verify for real fire suppression application.
Conclusions
In this study, well-design water spray nozzles were fabricated and used in the experiments. These nozzles offer excellent functions of displacement of oxygen and radiation attenuation that provide an excellent fire suppression effect in fire tests. As results, the diameter of nozzle and water supply pressure may have impacts on the water flux. Basically, the larger diameter of nozzle and higher water supply pressure can result in a higher water flux. In fact, the water flow rate proportion to square root of water supply pressure as well as to the square of diameter of nozzle.
Due to the excellent physical properties for fire suppression function, the water systems were recognized as one of the effective candidates for halon replacement. The high heat capacity and high latent heat of vaporization of water can absorb a significant quantity of heat from flames and fuels. Therefore, a full-scale single water spray nozzle test was conducted to evaluate the fire suppression effectiveness quantitatively. Different water spray droplet sizes, opening areas and fire locations were examined using two constant water supply rates in this study. Test results exhibit that water spray was able to quickly control the fires and cool the enclosure, which in turn reduced the mass exchange between the room and its surroundings caused by temperature differences. Also, water droplet size of water spray may influence the fire extinguishing capability for liquid pool fire. It is believed that solid fires are easier to control by water spray systems no matter what the water droplet sizes applied on. The high momentum of the spray may provide adequate penetration to cool down the solid fuel and extinguish the fire. Also, the suitable water flow rate should be employed to avoid possible water damage. The larger water droplet can provide the necessary energy and momentum to overcome the plume and flame effects to reach the base of the fire and cool down the fuel surface to reduce pyrolysis, while the smaller water droplet can absorb more heat from the flame and reduce the local oxygen concentration to meet the extinction conditions. However, the water droplet size is not the only parameter for decide the effectiveness of fire suppression. The distance between nozzle and fire source, fire location and water supply rate are also needed to be considered simultaneously for a successful water spray system.
